2
Introduction
The pressing demand of battery technologies with high-capacity, stability and lowcost calls for conceptual breakthroughs and material developments that could be commercially viable. Among the formidable challenges of improving almost every component in batteries, the transition metal (TM) oxide based cathode remains a bottleneck of the energy density and sits at the center of much research and development efforts. In a conventional wisdom, redox reactions associated with only the 3d valence states of the 3d TMs in oxide cathodes are desirable because involving oxygen in the electrochemical operation was considered detrimental to the reversibility and safety, mainly through the irreversible loss of oxygen and parasitic surface reactions. Such a consideration has directly triggered the innovations of TM oxide based cathodes over chalcogenides, and successfully guided various cathode material developments that are currently employed for commercial batteries. 1 However, recent researches on oxygen states in battery cathodes have indicated that lattice oxygen redox could be reversible and potentially practical for batteries with improved capacity and energy density. 2 Although the fundamental mechanism of oxygen redox remains elusive and is under active debates between many scenarios, e.g., peroxide with shortened O-O distance, 3, 4 a general localized oxygen holes, 5 structural configurations of Alkali-rich and disordered systems, 6 and specific oxygen chemical bonds, 7 a number of claims of oxygen redox have been made in both Li-ion batteries (LIBs) and Na-ion batteries (NIBs) (See a review by Assat and Tarascon, 8 and many references therein).
While the concept of "reversible" oxygen redox has been employed to many cathode materials, as summarized in multiple reviews, [7] [8] [9] one could easily notice a mismatch between the claimed "reversibility" and experimental findings. Majority of these previous studies are based on structural probes and hard X-ray absorption of TM K-edges, as indirect evidences of the oxygen chemistry. The popular O-K spectroscopy, especially X-ray photoelectron spectroscopy (XPS) 4, 10, 11 with probe depth of up to 30 nm with hard X-rays, 12 and X-ray absorption spectroscopy (XAS), 5, [13] [14] [15] [16] have been mostly reported for initial cycles, with only a few studies extended to the second cycle, 17, 18 Quantifications of oxygen redox during the first cycle has been performed based on the intensity of the pre-edge features of O-K XAS; 5, 13, 19 however, the results display obvious discrepancy with the electrochemical profile. For example, the oxygenredox quantification values display a significant increase even before the charge plateau of the Li-rich compounds. 5, 13 Additionally, compared with the initial charge process, the lower-capacity discharge process shows an even higher oxygen-reduction value. 5, 13, 19 Such discrepancy is due to the fact that intensities of O-K XAS pre-edge features are dominated by the TM-O hybridization, which enhances upon charging due to the oxidization of the system; so it is rather a probe of TM-O hybridization, and does not follow the electrochemical profile on oxygen redox itself. 20 As a matter of fact, the missing reliable experimental results for quantitatively assessing the reversibility of oxygen redox have led to controversy debates. For example, manganese-based NIB cathode materials with low-valence dopants, NayMxMn1-xO2 (x, y ≤ 1, M = Ni, Mg, Li, etc.), have been reported with high volumetric energy density. [21] [22] [23] [24] While reversible oxygen redox has been claimed in several works without direct evidence over extended cycles, other reports suggest that it is challenging to realize reversible oxygen redox with 3d-TM based NIB materials. 15, [25] [26] [27] Furthermore, oxygen gas release through mass spectrometry detects only the irreversible oxygen evolution, 5, 13, 19, 28 and the true relationship between oxygen release and lattice oxygen redox remains unclarified. 28, 29 Therefore, a direct and reliable quantification of the oxygen chemistry in the bulk lattice over extended electrochemical cycles is critical for truly assessing the reversibility of lattice oxygen redox in TM oxide cathodes.
Technically, a direct and reliable detection of the intrinsic oxygen redox is a nontrivial issue. A quantitative probe of the lattice oxygen with truly elemental (oxygen) and chemical (state) sensitivity is required. While popular soft X-ray O-K studies of XPS and XAS have inspired important debates on oxygen redox, [2] [3] [4] [5] [6] 13 they suffer technical limitations from their probe depths (6.3 nm with 1.487 keV, 29 nm with 6.9 keV source for XPS 12 ) and overwhelming effect from TM-O hybridization in XAS, as briefly explained above. 20 With such concerns and the need of a reliable characterization of lattice oxygen redox, we have recently developed ultra-high efficiency soft X-ray full-range mapping of resonant inelastic X-ray scattering (mRIXS), 30 which was soon demonstrated to be a sensitive and a reliable probe of the TM and oxygen redox in bulk battery electrodes beyond conventional XAS. [31] [32] [33] Compared with XAS, mRIXS further resolves the energy of the fluorescence photon, called emission energy, which is completely missing in XAS. 20 In particular, a specific O-K mRIXS feature at 523.7 eV emission energy, different from that of TM-O hybridization feature at 525 eV, emerges only from the high-voltage charge plateau in Li-rich compounds, 31 and only in oxygen redox systems. 33 This feature is buried in conventional XAS lineshape, 31, 33 but manifests itself in the scanning transmission Xray microscopy (STXM) only when the probe is moved away from the surface for tens of nm. 31 It is important to note that although the probe depth is the same (100 nm) for both XAS in fluorescence mode and for mRIXS, mRIXS does not suffer the lineshape distortion as in fluorescence XAS, and the bulk sensitivity of mRIXS for probing oxygen redox is further enhanced by resolving emission energies, i.e., bulk and surface signals fortunately display different emission energies in mRIXS. For example, comparison with STXM of Li-rich materials directly show that signals corresponding to the mRIXS oxygen-redox feature only show up when the probe is moved deeper than tens of nm, i.e., the 523.7 eV emission energy mRIXS signal fingerprints lattice oxygen redox not only due to the probe depth, but also through the specific emission energy values. 31 While STXM provide important proof of the bulk sensitivity of mRIXS through emission energies, it requires TEM-type of nanoparticle samples and mRIXS provides the important advantages on being able to measure all electrodes in any forms.
Furthermore, recent combined studies of mRIXS experiments and theoretical calculations based on OCEAN package of Li2O2 show that the mRIXS feature at 523.7 eV emission energy stems from a specific O 2p-2p intra-band exciton. 34 Such excitations require a partially unoccupied O-2p orbital (so electrons could be excited to the unoccupied 2p states), which naturally fingerprints the oxidized oxygen states because O 2-has no unoccupied 2p state. Although the specific excitations in the more complex transition-metal systems are yet to be revealed with further works, these experimental and theoretical studies demonstrate that the specific mRIXS feature is a reliable fingerprint of the oxidized oxygen state with enough elemental and chemical sensitivity to differentiate the lattice oxygen redox signals in battery electrodes from the dominating hybridization features. 20 It is also important to note that mRIXS images reveal the full profile of oxygen redox features along both the excitation and emission energies. Such a full profile is particularly important for a reliable quantification because different systems of oxidized oxygen may display different profile, e.g., Li2O2
shows a long profile along excitation energies, which cannot be detected through individual cuts in conventional RIXS experiments. 5, 13, 19 Therefore, these mRIXS developments and observations have now set a solid foundation for quantitative analysis of the lattice oxygen redox in batteries.
On the other hand, almost all the oxygen-redox active electrodes involve cationic redox reactions, simultaneously or separately. 35, 36 As directly shown later in this work, even for a system with nominally pure oxygen redox, TM redox will emerge with electrochemical cycling and affects the oxygen redox. Direct probes of TM redox, together with oxygen redox, will provide a consistent and experimental clarification of the reaction mechanism responsible for the total capacity, as well as the critical relationship between the anionic and cationic redox. The TM redox has more often been measured by hard X-ray XAS of the K-edges, through the edge shifting of the 2s-4p excitation features. 37 However, for 3d TMs, soft X-ray TM-L edges correspond to the excitations from 2p to directly the valence 3d states, providing a more direct probe of the TM-3d states, 37, 38 which is more sensitive to valence electron states and could be easily quantified. 39, 40 Unfortunately, the bulk-probe mode, namely fluorescence yield (FY), of the TM-L XAS, is known to be distorted due to the self-absorption effect, 41 leading to complicated situations that require theoretical calculations for quantitative analysis. 42 In 2011, Achkar et al. has demonstrated soft X-ray inverse partial fluorescence yield (iPFY) as a non-distorted bulk probe of TM-3d states. 41 Such a technique has now been much improved through the 0.2~0.4 eV energy resolution of mRIXS, which enables the iPFY technique for all TM elements involved in practical battery cathodes, especially Mn. 30 Obtaining non-distorted bulk TM-L spectra through mRIXS opens up the opportunity of a straightforward quantification of the bulk TM redox based on directly the TM-3d state measurements. In this work, we further developed mRIXS technique and demonstrate direct and reliable quantifications of the evolution of both the oxygen and TM redox states upon hundreds of cycles in two contrasting electrode systems. As shown in Fig. 1 and elaborated later, by extracting the super-partial fluorescence yield (sPFY) within the characteristic emission-energy range of oxygen redox in O-K mRIXS, the variation of lattice oxygen redox states could be quantified at different stages and at different cycles of electrochemical cycles. In the meantime, the extracted iPFY data from TM-L mRIXS allow quantitative definition of the bulk TM oxidation states based on established linear-fitting method. 39 The combination of the final analysis of O-K mRIXS-sPFY and Mn-L mRIXS-iPFY provides a complete picture of the evolution of both the anionic and cationic redox in Na2/3Mg1/3Mn2/3O2 at different potentials and for a hundred cycles.
The material we focused on in this study is Na2/3Mg1/3Mn2/3O2, with its stoichiometry deliberately adjusted based on the Na2/3[Mg0.28Mn0.72]O2 electrodes previously reported by Yabuuchi et al. 43 Our adjusted stoichiometry increases the nominal valence of Mn to 4+, i.e., 1Na×2/3+2Mg×1/3+4Mn×2/3=2O×2 to minimize the Mn redox during the initial charge process. Compared with the previous report, 43 our material displays an even higher initial charge capacity (162 mAh g −1 ) and a much larger contribution from the high-voltage charge plateau. We note that because cathode is the source of Na-ions in common NIBs, the initial charge capacity of the cathode is practically important for NIB full cells. Considering the high valence Mn in the pristine material and the high initial charge capacity, this re-designed stoichiometry of Na2/3Mg1/3Mn2/3O2 makes the material a perfect candidate to study the evolution (reversibility) of oxygen redox. Additionally, we employed the mRIXS-sPFY analysis to a typical Li-rich compound, Li1.17Ni0.21Co0.08Mn0.54O2, as reported previously 31 , which successfully reveals the reversivility and cyclability of the lattice oxygen redox activities in Li-rich electrode with known gas release and surface reactions involved.
Our final results of both the oxygen and TM redox quantifications are selfconsistent and deciphers the total capacity of Na2/3Mg1/3Mn2/3O2. The data show that oxygen redox is 79% reversible during the initial charge/discharge cycle, and remains stable up to 50 cycles. After 50 cycles, 87% capacity is sustained after a hundred cycles. The quantifications also show that cationic (Mn) redox in Na2/3Mg1/3Mn2/3O2 emerges during the first discharge and develops low-valence Mn 2+ on surface. Recently observations show that TM valence states continuously drops upon cycling redox in Lirich electrodes, contributing to voltage fade. 44 Here, evolution towards low valence Mn in bulk is small, but the increase of low-valence Mn, especially Mn 2+ , is clearly observed on the electrode surface, which is largely responsible for the voltage fade. Furthermore, the same mRIXS-sPFY analysis reveals a surprisingly high initial-cycle reversibility of the lattice (bulk) oxygen redox reaction in Li1.17Ni0.21Co0.08Mn0.54O2 (76%), considering the system is known to involve serious gas release and surface reactions, but with only 44% capacity retention after 500 cycles. Our results demonstrate direct (Mn-3d, O-2p) and reliable experimental quantification of the changing cationic and anionic redox states in bulk lattice, and indicate that NIB and LIB materials share the same fundamental mechanism of oxygen redox. The lattice oxygen redox displays high reversibility but capacity decay is obvious in systems involving other non-lattice oxygen activities. The contrast between the two different systems indicates that our conventional understanding of oxygen redox was confuses by mixing lattice oxygen redox with oxygen release and/or surface reactions. While other redox active oxygen activities is irreversible, lattice oxygen redox could be highly reversible for hundreds of cycles in both Na-ion and Li-ion batteries. Mn-L mRIXS, respectively. We also explain the sPFY and iPFY analysis of the mRIXS results for the quantifications of the oxygen and TM states. Although iPFY itself and its advantages over conventional XAS has been introduced before, 41 iPFY through mRIXS provides much more information on the relevant spectroscopic excitations due to its greatly improved resolution compared with previous reports. 20 It is important to note that, although sPFY is plotted upon the same excitation axis of XAS for comparison purpose, features of sPFY is fundamentally different from XAS features as they are associated with a very narrow (super-partial) emission energy range. i.e., mRIXS-sPFY is plotted in the way of XAS for readability purpose, but sPFY features are of RIXS character, not XAS. Fig. 1a shows a typical O-K mRIXS result collected on a charged electrode (sample detailed below), and its sPFY analysis in Fig. 1b . mRIXS shows the intensity (in color scale) distribution upon both the excitation (horizontal axis, same as the energies in XAS) and emission energies (vertical axis, missing in XAS). 20 The sum of bands (>534 eV excitation energy) and its hybridizations to TMs (529 and 532 eV excitation energies) through conventional RIXS cuts, as previously reviewed in fundamental physics. 45 Such an assignment could also be directly seen in Fig. 1 clearly shows that a sharp feature at 523.7 eV emission energy (red arrows in Fig. 1 ).
RIXS features at 523.7 emission energy has been found in oxidized oxygen systems, e.g., O2 gas and peroxides. 34, 46 The excitation energy of this feature, 531 eV, is within the energy range of those of non-divalent oxygen species, however is much sharper compared with peroxides and is material dependent. 34 Therefore, this O-K mRIXS feature at 523.7 eV emission energy and 531 eV excitation energy provides a reliable spectroscopic fingerprint of the non-divalent oxygen, i.e., oxidized oxygen, in battery electrodes at charged states.
By integrating the intensity across the narrow emission-energy range around the characteristic emission energies of 523.7 eV (Red frame in Fig. 1a ) and 525 eV (Blue frame in Fig. 1a) , a super-partial fluorescence yield (sPFY) signals quantify the intensity of the specific mRIXS features from specific origins. As shown in the bottom of Fig. 1b , the sPFY-1 of the 523.7 eV emission energy range (red) displays a distinct peak at 531 eV excitation energy, which represents the oxygen redox activities.
However, all conventional XAS lineshapes are dominated by the broad and strong features around 525 eV emission energy, as shown by sPFY-2 (blue frame). As A technical note is that X-ray radiation may affect the oxidized oxygen species, 47 which may decrease the oxygen-redox signals. Careful radiation dose tests found that Na2/3Mg1/3Mn2/3O2 is stable across a large X-ray dose range, but Li-rich compounds display some decrease of the oxygen-redox feature intensity upon high X-ray dose, which will be reported separately. Although we have carefully controlled the radiation dose with a relatively relaxed beam size of 20-30 µm for mRIXS experiments, there is still a possibility that the oxygen-redox intensity of Li1.17Ni0.21Co0.08Mn0.54O2 is underestimated in experiments due to irradiation effect. However, as elaborated later, the majority of the contrast between the two systems are undoubtedly dominated by the intrinsic differences of the redox-active oxygen behaviors, e.g., whether the system involves oxygen release and surface reactions, whether the O and TM redox are mised, etc.. The principle of iPFY has been explained before, 41 and demonstrations of Mn-L iPFY analysis of mRIXS were also realized in our high-effeciency mRIXS system. 30 In brief, with the excitation energy range covering Mn-L edges, e.g., 638-646 eV for Mn-L3 edge, the incident X-rays also excite O-K features at emission energy range of 495-510 eV Additionally, although mRIXS-iPFY still contains surface signals, when compared with the surface sensitive (10 nm probe depth) TEY spectra, such a non-distorted detection with >100 nm probe depth provides the direct contrasts between the bulk and surface chemistry of the electrodes. Below, all Mn-L raw data were collected through full range mRIXS, but for clarify, we focus on the final iPFY results, and their comparison with the TEY surface signals.
Materials and electrochemical properties
The Na2/3Mg1/3Mn2/3O2 material is synthesized by poly (vinyl pyrrolidone) (PVP) -assisted gel combustion method. 49, 50 This stoichiometry is adjusted so that the nominal valence of Mn in the material is pure +4, i.e., Mn redox is intentionally suppressed during the initial charge. Structural characterizations through XRD and SEM are presented in Supplementary Fig. S1 and S2. The XRD (Fig. S1 ) shows the same pattern as Na2/3[Mg0.28Mn0.72]O2. 43 All diffraction peaks can be indexed as a hexagonal structure with a P63/mmc space group, i.e., P2-type. The peak at 20.6° is due to the formation of √3a × √3a-type in-plane superlattice between Mg 2+ and Mn 4+ . 51 Fig . S2 shows the SEM image of the well-crystallized morphology of Na2/3Mg1/3Mn2/3O2 as well as calculated particle size distribution. The particle size is between 0.5 μm and 3
μm. The particles are smooth-faced without secondary-particle structure. Such morphology is generally desirable for improving the electrochemical performance. again that this improved initial charge capacity is practically important for NIBs. This also means the Na + can be extracted near 0.56 mol and the formula of charged electrode is Na0.11Mg1/3Mn2/3O2. Although this work does not focus on the material itself, we note this is the highest initial charge capacity value reported for air-stable P2-type sodium transition metal oxides. The good rate capability is shown in Fig. S4 . Compared with the initial study of Na2/3[Mg0.28Mn0.72]O2 electrode with 150 mAh g −1 charge capacity, 43 the capacity before the 4.2 V charge plateau decreases due to the further suppression of the Mn redox in Na2/3Mg1/3Mn2/3O2. Note that the suppression of the cation TM redox leads to a counterintuitive increase of the initial charge capacity through the long 4.2 V charge plateau. This indirectly indicates the highly active oxygen in the Na2/3Mg1/3Mn2/3O2 electrode during electrochemical operations, providing an optimized candidate for oxygen redox studies. cycles before it disappears in this system. It is therefore critical to experimentally clarify the activity of oxygen redox beyond 10 cycles.
Mn states in bulk and on surface upon electrochemical cycling
We first clarify the Mn redox activities of Na2/3Mg1/3Mn2/3O2 electrodes in the bulk and on the surface upon electrochemical cycling. As explained above, Mn-3d valence states in the bulk are measured through the Mn-L mRIXS-iPFY spectra. Surface signals are collected through conventional XAS-TEY 38 . Because both data sets represents intrinsic absorption coefficient without lineshape distortion, they could be reliably quantified based on a simple linear combination of the distinct lineshape of Mn
references, 48, 52 which has been successfully demonstrated for obtaining quantitative contrast of the bulk and surface Mn states. 39, 53 Mn-L3 iPFY and TEY spectra are over-plotted for direct comparison of the bulk and surface Mn states. Spectra with different potentials during the initial cycle are plotted in For the initial charge and discharge cycle (Fig. 3) , a trace amount of about 5% Mn 3+ is found in the pristine material, which is fully oxidize to Mn 4+ during the very short 8 mAh g −1 charging process (C-8), corresponding to the small charge capacity at 4.0 V in Fig. 2a 53 At the beginning stage of discharge, the surface Mn is oxidized slightly to +4 valence (D-50) and then gradually reduced during the discharge progress, resulting in a rapid increase of surface Mn 2+ . Therefore, the surface activities in such an oxygen redox system are obviously affected by two different factors: some surface reactions that are likely associated with the oxidized oxygen during charge, and the surface reduction effect by the electrochemical discharging itself. For the electrodes with extended cycles (Fig. 4) Figure S9 and S11. -100  0  0  100  7  3  90  D-140  0  11  89  9  28  63  1D  1  22  77  12  42  46  10Ch  0  5  95  7  23  70  50Ch  0  8  92  23  22  55  100Ch  2  6  92  29  20  51  10D  1  22  77  18  50  32  50D  1  28  71  23  57  20  100D  1  31  68  35 45 20 Quantify the Oxygen redox reversibility during initial cycles While the Mn-L iPFY suggests that majority of the capacity of Na2/3Mg1/3Mn2/3O2 electrodes is not from Mn redox, it only provides an indirect evidence on oxygen redox, especially with the clear evidence on strong surface reactions discussed above. Direct experimental evidences and quantifications of the oxygen state evolution upon 20 Fig. 5a show the O-K mRIXS of a series of electrodes, again denoted in Fig. 2a , at different SOC during the initial charge and discharge. As specified above, the broad features around 525 eV emission energy (vertical axis) correspond to the O 2-states in typical TM oxides, 45 which can be seen in all samples. These features get broadened in lineshape and enhanced in intensity upon charging (oxidation) process, consistent with the many XAS observations but irrelevant to oxygen redox states. In contrast, the feature at 523.7 eV emission energy (red arrows) starts to emerge only when the potential reaches the 4.2 V plateau (Fig. 2a , after C-8), and becomes strong at the charged state. During discharge, this feature gets weakened gradually and disappears when the potential is below 2.5 V (after D-100). Fig. 5b is the sPFY of the 523.7 eV emission-energy feature extracted from mRIXS images, and the integrated area (the calculation is explained in method part) of the characteristic 531 eV sPFY peak is displayed in Fig. 6 (hollow circles) together with the cycling profile. The 531 eV sPFY peak emerges after the 4.2 V charge plateau starts, reaches the maximum intensity at the fully charged state, and gets weakened until about 2.5 V in the discharge process.
Combining the area of the 531 eV O-K mRIXS-sPFY peak with the quantitative results of bulk Mn redox obtained through Mn-L mRIXS-iPFY (Fig. 3) , we now could explain the total capacity with the independent Mn and O redox quantifications ( 6). Overall, changes on Mn-L (Fig. 3) and O-K (Fig. 5 ) spectroscopic results take place at different electrochemical stages in Na2/3Mg1/3Mn2/3O2 system. The O-K results show that oxygen oxidation starts at the 4.2 V during initial charge, and stops at 2.5 V during the following discharge, within which, Mn-L displays no change. This clearly defines the crossover points from oxygen to Mn redox reactions at 4.2 V during charge and 2.5 V during discharge. Therefore, the corresponding charge compensation of Mn (blue in If we assume a linear dependence between the amount of O redox and O-K mRIXS-sPFY 531 eV peak area changes, the value of the spectroscopic peak area changes (left vertical axis of Fig. 6b ) are in great agreement with the electrochemical electron transfer numbers (x axis of Fig. 6b) . We note that, because the sPFY spectra were normalized to the hybridization feature for comparison purpose (see Method) and the hybridization feature is typically enhanced at charged state, the assumption of the linear dependence above should be modified for an absolute quantification of the amount of O redox at each electrochemical state (underestimated with linear dependence). However, in this work, we focus on the variation of the sPFY peak area to address the reversibility of O redox, which only requires the same hybridization level at the same electrochemical state. The great agreement between sPFY analysis and electrochemistry here suggests this is a reasonable condition at least for Na2/3Mg1/3Mn2/3O2, where hybridization enhancement upon charge is likely minimized through mostly oxidized oxygen, instead of strong TM redox in other systems. Furthermore, our quantification here is based on a self-consistent analysis of both the spectroscopic variation and electrochemical profile. The independent quantification values of Mn and O redox reactions match and decipher the electrochemical capacity. The results from both sPFY peak area changes and electrochemical capacity (with range defined by mRIXS as explained above) reveal directly the reversibility rate of the lattice oxygen redox during the initial cycle of Na2/3Mg1/3Mn2/3O2, i.e, 0.61/0.77 = 79%. 
Cyclability of oxygen redox upon extended cycles
The characteristic oxygen-redox feature in mRIXS and the quantitative peak area analysis through sPFY empower us to quantify the oxygen redox cyclability upon electrochemical cycling. This approach is employed to study electrodes with extended cycles, as shown in Fig. 7 . In general, the oxygen-redox feature in mRIXS images displays amazing cyclability over a hundred cycles of Na2/3Mg1/3Mn2/3O2 (Fig. 7a) , with a strong intensity at charged state (red arrows in top row) and disappearance at the discharged state (bottom row). Fig. 7b are again the mRIXS-sPFY spectra around 523.7 eV emission energy. The amount of O redox at different cycles are quantified by the sPFY 531 eV peak intensity differences between the charged and discharged states at the 1 st , 10 th , 50 th , and 100 th cycles. The summary of the amount of Mn redox, O redox, and the O-K mRIXS-sPFY 531 eV peak area change up to 100 cycles are displayed in Fig. 7c and Table 2 . Fig. 4 and Table 1 ) multiplied by 2/3 mol (2/3 mol Mn per 1 mol Na2/3Mg1/3Mn2/3O2). The electron transfer number of OR, nOR, is calculated by the mRIXS-sPFY 531 eV peak area difference between charged and discharged state (Fig. 7b, c) , multiplied by the factor of (0.42/0.61) mol from the first discharge, as discussed in detail before (Fig. 6a) . The quantitative analysis here shows that the oxygen redox activities are very stable up to 50 cycles, then start to decay with about 87% of the oxygen redox sustained in the 100 th cycle (Fig. 7c and Table 2 ). We note that such a quantification with extended cycles is impossible through the conventional XAS even technically, as shown in Fig.  S12 , because the XAS spectra of charged and discharged electrodes become almost identical after only tens of cycles. An interesting phenomenon is that Fig. 7b shows clearly that the 531 eV sPFY peak area at charged state does not decrease with cycling, however, the overall intensity of the fully discharged states keeps increasing upon cycling. While such an increase is related to the overall peak broadening from structural amorphization upon cycling, i.e., lifting the dip between two peaks, the very systematic change at discharged states also implies that the decreasing of oxygen redox contents beyond 50 cycles may be associated with the deep discharging. In this session, we demonstrate that the mRIXS-sPFY analysis here could be employed for quantitative studies of lattice oxygen redox in various battery electrodes, including those with oxygen gas evolutions. It is important to emphasize that what mRIXS detects is the specific lattice oxygen redox within the bulk electrodes, i.e., not the general/total oxygen redox that includes other irreversible oxygen involvements. We also note that the lattice oxygen redox is the critical part of the reactions that could be potentially useful for battery devices. mRIXS technique, as a photon-in-photon-out bulk probe under vacuum environment, provide unique opportunities to focus on this practically meaningful lattice oxygen redox reactions, and to quantify its reversibility and cyclability.
For a comparative study, we employed the same O-K mRIXS-sPFY quantification to a more complex Li-rich compound, Li1.17Ni0.21Co0.08Mn0.54O2. Oxygen redox in Lirich electrode system has been extensively studied recently. 5, 12, 13, 28, 31, 33, 44 We note that STXM results through non-distorted transmission mode could quantify the oxygen redox during the initial cycle, 31 but samples for STXM need to be processed into individual nano-particles due to the limited penetration depth of soft X-rays. In comparison, mRIXS could be directly employed on any form of electrodes with any size of particles and at any electrochemical states after extended cycles. Fig. 8a shows the mRIXS-sPFY results of a series of Li1.17Ni0.21Co0.08Mn0.54O2 electrodes indicated on the electrochemical profile in Fig. 8b , by integrating the same energy window as for our Na2/3Mg1/3Mn2/3O2 analysis (Fig. 1a) of the mRIXS results reported previously. 31 Although a bit noisier than that of Na2/3Mg1/3Mn2/3O2, the 531 eV peak intensity displays clear variation at different electrochemical states. The peak area is plotted together with the electrochemical profile in Fig. 8b (offset for display clarity) . It is clear that the peak area remains unchanged before the 4.5 V charge plateau, but starts to increase during the charge plateau with roughly a linear dependence on charge capacity. In the following discharge, the area value decreases through most of the discharge process but did not recover to the pristine state. The change of the 531 eV peak area in the initial charging and discharging is 0.55 and 0.42, respectively; therefore, the reversibility of the oxygen redox in the initial cycle is about 76%. After 500 cycles, the 531 eV peak area change from charge to discharged states is 0.24, suggesting a cyclability of 44%. There are several important contrasts between the Li1.17Ni0.21Co0.08Mn0.54O2 and Na2/3Mg1/3Mn2/3O2 systems indicated by our quantification results. First, there is a clear crossover point between the O and Mn redox reactions in Na2/3Mg1/3Mn2/3O2 (Fig. 6a and discussions above), therefore, capacity contributions from oxygen redox could be well defined during both charge and discharged process that match the spectroscopic quantifications. However, for Li1.17Ni0.21Co0.08Mn0.54O2, oxygen redox reactions take place throughout the discharge process mixed together with TM redox reactions. 31, 44 Therefore, because of the contributions from TM redox, the electrochemical discharge capacity is much larger than that of the oxygen-redox region during charge, i.e., the charge plateau. Nonetheless, mRIXS-sPFY is able to distinguish the lattice oxygen redox contributions from such a mixed redox process and reveals the 76% initial cycle reversibility as elaborated above. Second, another important contrast emerges if we further examine the quantification values of the oxygen redox contributions during the initial charge process. The electron transfer in the 4.5 V charging plateau for Li1.17Ni0.21Co0.08Mn0.54O2 is 0.52 mol, with the change of mRIXS-sPFY peak area of 0.55 (Fig. 8b) . Na2/3Mg1/3Mn2/3O2 displays 0.77 peak area change with 0.53 mol electron transfer (Fig. 6a) . Although the absolute value of the conversion ratio between the variation of mRIXS-sPFY peak area and electron transfer number could be highly material dependent due to the different hybridization background, the Li1.17Ni0.21Co0.08Mn0.54O2 obviously displays much lower mRIXS variation than that in Na2/3Mg1/3Mn2/3O2 upon the same amount of electrochemical charge transfer. This is again expected because mRIXS detects only the lattice oxygen redox, without contributions from the oxygen release and surface reactions that has been reported in many previous works for Li-rich electrodes. 28, 35, [55] [56] [57] [58] As a very rough estimation, if we ignore the different TM-O hybridization background in the two systems that affect the absolute sPFY intensity of the 529.7 eV peak after scaling (see Methods), lattice oxygen redox contribution could be estimated to be about 70% (0.55/0.77) of the total capacity during the initial charge plateau with about 0.38 mol electron transfer. Other capacity contributions mainly including oxygen release thus lead to 0.52-0.38=0.14 mol electron transfer, corresponding to about 40 mAh g -1 .
This is surprisingly consistent with the measured capacity contribution from oxygen release in Li1.2Ni0.2Mn0.6O2 (35 mAh g -1 ) in our previous work, 33 considering other surface reactions also contribute to the charge capacity in Li-rich systems. 28, [59] [60] [61] For the same reason that mRIXS detects only the lattice oxygen redox, although the 76% reversibility seems surprisingly high for a Li-rich system, it is reasonable as this is from distinguished lattice oxygen redox only. The capability of mRIXS technique to distinguish lattice oxygen redox from other irreversible oxygen contributions delivers an important information that lattice oxygen redox itself is not as irreversible as we commonly believe, i.e., the irreversibility of the general oxygen redox discussion is largely from non-lattice oxygen redox reactions, not lattice oxygen redox reactions. Finally, the good match between spectroscopic quantifications and electrochemical capacity for Na2/3Mg1/3Mn2/3O2 indicates this system is dominated by stable lattice oxygen redox with limited non-lattice oxygen contributions. This allows reasonable quantifications of the absolute charge transfer numbers based on the mRIXS-sPFY peak area changes (Fig. 7c) . It is important to note, however, such absolute quantification could/should only be performed for systems with negligible non-lattice oxygen redox reactions, and the conversion ratio between peak area and electron transfer could be material dependent. In a complex system with oxygen release and other oxygen contributions, the peak area change reflects only the lattice oxygen redox contribution part. Therefore quantitative comparison with electrochemical capacity is relatively more reliable during discharging because most non-lattice oxygen reactions, such as oxygen release, take place during high-voltage charging. Nonetheless, mRIXS-sPFY quantification successfully distinguishes the contributions from lattice oxygen redox reactions to the electrochemical capacity, and reveals the intrinsic behavior of lattice oxygen redox in the Li-rich systems. Further works remain necessary to uncover the different redox behaviors in many other electrode systems, but the quantifications of the two systems here demonstrate the effectiveness of the mRIXS-sPFY to selectively probe the critical lattice oxygen redox reactions. throughout the process. In the meantime, the O-K mRIXS-sPFY quantification reveals the contrast of the amount of oxygen redox during the initial charge and discharge process, which matches the amount of emerging Mn redox and deciphers the Mn and O redox contributions to the total capacity: the improved charge capacity through the 4.2 V plateau is purely from oxygen redox reactions. During discharge, the start 0.42 mol Na intercalation is compensated by oxygen redox reaction and then 0.16 mol Na intercalation is accompanied by Mn redox, in which Mn 4+ is reduced to Mn 3+ . The Mn and O redox are well separated in different potential regions in Na2/3Mg1/3Mn2/3O2, as clearly defined by mRIXS data, and the oxygen redox in the initial cycle is 79% reversible. Over extended cycles, the oxygen redox in Na2/3Mg1/3Mn2/3O2 is highly cyclable until the 50 th cycle, and 87% of the oxygen redox sustains at the 100 th cycles, regardless of the disappearance of the charge plateau after only 10 cycles. Such a dissociation between the high voltage plateau and oxygen redox was also observed in Li-rich compounds after initial cycle, 31 but now clearly revealed in NIB systems too.
Summary and Conclusions
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The mRIXS-sPFY quantification established in this work addresses a critical parameter of lattice oxygen redox: the reversibility. The quantification value of Li1.17Ni0.21Co0.08Mn0.54O2 system reveals a decent initial-cycle reversibility of 76% and 44% retention after 500 cycles of the lattice oxygen redox. However, compared with Na2/3Mg1/3Mn2/3O2, the spectroscopic variation from lattice oxygen redox in Li1.17Ni0.21Co0.08Mn0.54O2 is much lower with the same electrochemical charge compensation, due to other oxygen contributions, such as oxygen release and surface reactions. Therefore, mRIXS-sPFY analysis successfully distinguishes the lattice oxygen redox from other capacity contributions in complex systems with various redox-active oxygen activities.
This work establishes a reliable benchmark and methodology for quantifying the reversibility of lattice oxygen redox in bulk electrodes. Being able to distinguish and quantify the lattice oxygen redox from other oxygen contributions through mRIXS enables analysis of the intrinsic lattice oxygen redox behaviors. While we focus on quantifying only the reversibility of lattice oxygen redox in this work, more sophisticated mRIXS analysis could potentially reach an absolute amount of oxygen redox contributions based on reliable references and fundamental understandings of mRIXS-sPFY lineshape, an important technical topic to pursue in the future.
Scientifically, direct experimental evidences of the highly reversible and cyclable lattice oxygen redox provides the optimism on improving 3d TM based electrode materials for both Li-ion and Na-ion batteries. The combined quantification results of both cationic and anionic redox reactions not only provide direct experimental verifications that electrochemically inactive dopants, e.g., Mg or Li, suppress the TM redox and enables reversible lattice oxygen redox, 62 more importantly, it also shows that mRIXS is powerful to evaluate other and detailed material optimizations towards reversible lattice oxygen redox in future works, e.g., the difference between Mg and Li dopants.
Additionally, the similar mRIXS feature in the LIB and NIB electrodes indicates a common oxygen redox mechanism that is yet to be uncovered. The comparison between the two different systems implies the importance of distinguishing lattice oxygen redox from other oxygen activities for revealing the intrinsic properties of the practically meaningful lattice oxygen redox activities.
EXPERIMENTAL PROCEDURES Na2/3Mg1/3Mn2/3O2 Synthesis: Na2/3Mg1/3Mn2/3O2 was prepared by poly (vinyl pyrrolidone) (PVP) -assisted gel combustion method 49, 50 . Stoichiometric NaOAc· 4H2O, Mg(OAc)2· 4H2O and Mn(OAc)2· 4H2O, and PVP (the molar ratio of PVP monomer to total metal ions was 2.0) were dissolved in deionized water and pH = 3 was achieved by adding 1:1 HNO3. The mixture was stirred at 120 °C to obtain dried gel. The dried gel was ignited on a hot plate to induce a combustion process which lasted for several minutes. The resulting precursor was preheated at 400 °C for 2 h and then calcined at 900 °C for 6 h with the heating rate of 5 °C min −1 . After heat treatment, the oven was switched off and the sample was cooled down naturally. The whole process was performed in air. The control of the final stoichiometry is consistent with and directly confirmed by the electrochemical and spectroscopic results throughout this work.
Morphology and crystal structure characterization: The morphology was examined using a JEOL 7500F scanning electron microscope (SEM). The analysis of the phase purity and the structural characterization were made by X-ray powder diffraction (XRD) using a Bruker D2 PHASER diffractometer equipped with Cu Kα radiation.
Electrochemical tests:
The Na2/3Mg1/3Mn2/3O2 cathode was prepared by mixing 80 wt.% active material, 10 wt.% acetylene black (AB) and 10 wt.% polyvinylidene fluoride (PVdF) binder in N-methylpyrrolidone (NMP) to form a slurry. The slurry was doctor-bladed onto aluminum foil, dried at 60 °C, and then punched into electrode discs with a diameter of 12.7 mm. The prepared electrodes were dried at 130 °C for 12 h in a vacuum oven and show typically an active material loading of about 4 mg cm -2 . The electrochemical cells were fabricated with the Na2/3Mg1/3Mn2/3O2 cathode, sodium foil anode, 1 mol L −1 NaClO4 in propylene carbonate (PC) as electrolyte, and double layered glass fiber as separator in an argon-filled glove box. Electrochemical performances were evaluated using CR2325 coin cells. Galvanostatic charge-discharge tests were performed using Maccor 4000.
Li1.17Ni0.21Co0.08Mn0.54O2: The preparation, morphology and structure characterization, and electrochemical tests of Li1.17Ni0.21Co0.08Mn0.54O2 were described in a previous work.
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Soft X-ray absorption spectroscopy (XAS): Soft x-ray absorption spectroscopy was performed in the iRIXS endstation at Beamline 8.0.1 of the Advanced Light Source (ALS) at LBNL. 30 For all the samples in the 1 st cycle, Na2/3Mg1/3Mn2/3O2 cathodes were electrochemically cycled to the representative SOC at 0.1 C rate in Swagelok cells. For the samples at n ≥ 10 cycles, the cathodes were charged and discharged for n-1cycles
at 1C then were electrochemically cycled to the representative SOC at 0.1 C. The combination of different rates prevents the leakage of Swagelok cells during long-time running and ensures the accurate SOC. Electrodes were disassembled and the rinsed immediately with DMC thoroughly to lock the SOC and remove surface residue. The electrodes are then loaded into our special sample transfer chamber inside the Ar glove box. The sample transfer chamber was sealed, mounted onto the loacklock of XAS endstation for direct pump-down to avoid any air exposure effects. XAS data are collected from the side of the electrodes facing current collector in both TEY and TFY modes. All the spectra have been normalized to the beam flux measured by the upstream gold mesh. The experimental energy resolution is 0.15 eV without considering corehole lifetime broadening.
Mapping of Resonant Inelastic X-ray Scattering (mRIXS)
. mRIXS measurements were performed in iRIXS endstation at Beamline 8.0.1 of the ALS. 30 Data were collected through the ultra-high efficiency modular spectrometer. 63 The resolution of the excitation energy is about 0.35 eV, and the emission energy about 0.25 eV. An excitation energy step size of 0.2eV was chosen for all the maps. mRIXS were collected at each excitation energies. Final 2D images are obtained through a data process involving normalization to the beam flux and collection time, integration and combination, which has been detailed previously.
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iPFY and sPFY quantifications. Mn-L iPFY spectra are obtained by formula iPFY = a/PFYO-K ('a' is a normalization coefficient). PFYO-K is obtained by integrating the Mn-L mRIXS by integrating the intensity across the emission energy range from 495 eV to 510 eV with excitation energy scanning through the Mn-L edges. Principles of iPFY have been explained before and briefed in this work. 30, 41 Quantitative fittings of Mn-L iPFY follows our established linear combination method with three standard experimental spectra 39 .
The O-K super-partial fluorescence yield (sPFY) signal was extracted by integrating the mRIXS intensity across the emission-energy range from 522.8 eV to 523.8 eV. This mRIXS feature has been established to be the characteristic energy range of oxygen redox activities. 20, 31, 33 For quantitative analysis, the spectra were scaled to the 529.7 eV peak. The area of O-K sPFY 531 eV peak was integrated from 530.2 eV to 532 eV. For the cyclability analysis of extended cycles, the sPFY 531 eV peak area change is calculated by the difference between the fully charged and discharged states at the 1 st , 10 th , 50 th , and 100 th cycles. We note that different spectral normalization does not change the conclusions in this work, because the quantified values of reversibility and cyclability only depends on the intensity contrasts (changes) of the characteristic oxygen redox features. Such a comparative intensity change could be seen directly with the sPFY raw data plots. Fig. S2 . The SEM image (left) and particle size distribution (right) of the Na2/3Mg1/3Mn2/3O2. The particle size distribution is counted from 200 particles in lower magnification SEM images (not shown here). Potential vs Na/Na + (V)
State of charge or discharge . The Mn XAS spectra (TFY mode) collected on Na2/3Mg1/3Mn2/3O2 electrodes at different cycle. Distortions of the L3 edge (638-648 eV) are largely due to the saturation effect because Mn edge is sitting on the oxygen absorption background 3 . However, the L2 feature (648-658 eV) shift is generally consistent with the Mn valence analysis. 
